The fabrication conditions of high-density fluorapatite (Ca 10 (PO 4 ) 6 F 2 : FAp) ceramic material with submicrometersized grains were examined by two different techniques, namely pressureless firing and pulse-current pressure firing. Firstly, FAp compact was pressurelessly fired at a temperature between 1000 and 1200ºC for 10 h. The relative density and grain size of the FAp compact fired at 1200°C achieved 92.6% and 1.8 µm, respectively. In order to enhance the relative density but restrict the grain size below 1 µm, FAp compact was pulse-current pressure fired at a temperature between 900 and 1100ºC for 10 min. The relative density and grain size of the FAp compact were 98.8% and 0.79 µm, respectively, when the temperature increased to 1100°C. Owing to the simultaneous achievement of high density and restricted grain growth, the tensile strain of the FAp specimen pulse-current pressure fired at 1100ºC for 10 min was investigated and found to attain 70.6% at a test temperature of 1100°C and a strain rate of 1.48 × 10 -4 s -1 .
INTRODUCTION
Hydroxyapatite (HAp; Ca 10 (PO 4 ) 6 (OH) 2 ) is known to possess excellent biocompatibility for implantation into the body 1) and easily loses the OHgroup to form oxyapatite (Ca 10 (PO 4 ) 6 O) above 1200°C; further thermal decomposition to form α-calcium orthophosphate (α-Ca 3 (PO 4 ) 2 ), calcium diphosphate (Ca 2 P 2 O 7 ) and tetracalcium phosphate (Ca 4 (PO 4 ) 2 O) occurs above 1450°C 2) . On the other hand, fluorapatite (FAp; Ca 10 (PO 4 ) 6 F 2 ) possesses greater chemical and structural stability, compared to HAp 3), 4) . Since FAp has the potential for use as dental implants, the sintering behavior of FAp has been reported by several investigators. For example, the effect of atmosphere on the firing of FAp compact has been examined by Ayed and coworkers 5), 6) , who reported that the firing of FAp compact in argon atmosphere resulted in higher density, compared to that in an oxygen atmosphere 6) . Reflecting the chemical stability of FAp, OHions in the HAp structure may be easily replaced by fluorine ions to form a fluor-hydroxyapatite (FHAp, Ca 10 (PO 4 ) 6 F 2x (OH) 2-2x ) 7) .
The extraordinary plastic deformation of polycrystalline solids, which is typically noted in the case of tetragonal zirconia polycrystals with submicrometer-sized grains, can be observed by their tensile elongation at high temperature. The high-temperature plastic behavior, i.e., typically known as superplastic behavior, of HAp specimen has been investigated by some researchers 8) . The present authors have also investigated the superplasticity of HAp, together with the densification process, e.g., (i) 157% of tensile strain measured using a pressuressly-fired HAp specimen with a relative density of 99.2% and mean grain size of 0.56 µm 9) , (ii) 188% of tensile strain achieved using a two-step fired HAp specimen with a relative density of 98.8% and mean grain size of 0.44 µm 10) and (iii) 286% of tensile strain measured using a pulse-current pressure fired HAp specimen with a relative density of 99.7% and the grain size as small as 0.21 µm 11) . These data indicate that the grain size of HAp specimen has to be submicrometer-sized in order to achieve excellent plastic deformation, although the optimum grain size must exist for excellent plastic deformation.
As a next step, our attention has been directed toward the high-temperature plastic deformation of FAp specimen with submicrometer-sized grains, because this compound is chemically and thermally stable when compared to the case of HAp. However, little information concerning the high-temperature plastic deformation of FAp, as well as the development of densification and microstructure, has been available until now. On the basis of the above-mentioned information, this paper describes (i) the densification behavior of FAp compacts either by pressureless firing or pulse-current pressure firing, and (ii) the high-temperature plastic deformation of FAp specimens.
MATERIALS AND METHODS

Materials and Fabrication of FAp ceramics
A commercially-available high purity FAp powder was used as a starting material (FAp; Wako Pure Chemical Industries, Ltd., Osaka). For the measurement of relative density ((bulk density / theoretical density (=3.20 g·cm -3 )), a cylindrical compact with a diameter of 20 mm and a thickness of 3 mm was fabricated by uniaxially pressing approximately 1.5 g of FAp powder at 50 MPa and then cold-isostatically pressing at 100MPa. These cylindrical compact and rectangular-solid specimen were pressurelessly fired in air at a temperature between 1000 and 1200°C for 10 h. On the other hand, other sintered compacts were obtained using pulse-current pressure firing machine (Sumitomo Coal Mining, Tokyo, Japan). Initially, the compact with a diameter of 30 mm and a thickness of 5 mm was fabricated by uniaxially pressing at 50 MPa. Following this, pulse-current pressure firing of FAp compact was conducted at a temperature between 900 and 1100°C for 10 min in an argon atmosphere.
Evaluations
Phase identification was carried out using an X-ray diffractometer (XRD; RINT 2000V/P, Rigaku Corp., Tokyo, 40 kV and 40 mA) with monochromatic CuKα radiation. In addition to XRD analysis, crystalline phases were also investigated using synchrotron radiation diffraction (SRD) on the Powder Diffraction beamline at the Australian Synchrotron facility in Melbourne, Australia. Prior to analysis, each sample was placed onto an aluminium holder that was rotated during the experiment. The synchrotron beam was passed through a bent Si crystal monochromator with a beam energy of 15 keV being chosen for this experiment (equivalent to a wavelength of 0.08263 nm). The beam width and height were 2.0 mm and 0.2 mm, respectively, such that the specimen area analysed during each test was approximately 3.14 mm 2 . The beam angle incident to the specimen was kept constant at 5 degrees whilst the acquisition time was 360 s. In order to allow easier comparison with the XRD data, the SRD results for each specimen were converted into angular data equivalent to the wavelength of CuKα. A part of the experiment was conducted after the powdered sample was packed into a glass tube with an outside diameter of 0.5 mm and wall thickness of 0.01 mm. The particle-size distribution was measured using a dynamic light scattering technique (Nanotrac; Model-NPA-150, Nikkiso, Tokyo), with isopropyl alcohol as a dispersant medium. The specific surface area of the powder was measured using the BET method (Model BELSORP-mini, BEL Japan, Inc., Osaka); nitrogen (N 2 ) was used as an adsorption gas.
The expansion-shrinkage behavior of the powder compact was examined using a thermo-mechanical analyzer (TMA; Model TAS-100, Rigaku Corp., Tokyo) at a heating rate of 10°C·min -1 ; for this experiment; the compact with a diameter of 5 mm and a thickness of 3 mm was fabricated by uniaxially pressing approximately 0.1 g of FAp powder at 50 MPa. The relative density of the sintered compact was calculated on the basis of bulk density and theoretical density (= 3.20 g·cm -3 ). The bulk density of the sintered compact was measured using Archimedes method, with ethanol as a replacement liquid. Microstructure observation was conducted using a scanning electron microscope (SEM; Model S-4500, Hitachi, Ltd., Tokyo) with the accelerating voltage of 5 kV. The grain size was estimated from SEM micrographs using the linear intercept method.
The tensile test at a constant cross-head speed at a strain rate of 1.48 × 10 -4 s -1 was conducted in air at a temperature between 1000 and 1200°C, using a universal testing machine (TENSILON-1310, A & D Company, Ltd., Tokyo) equipped with an infrared furnace. The true stress-tensile strain curve was calculated, assuming that a uniform deformation occurred during elongation. Here, the true stress was calculated from the initial cross-sectional area and strain. For the high-temperature tensile test, a tensile test specimen with a gauge length of 9 mm was produced from the sintered cylindrical compact. Vickers hardness was measured using an indentator with the load of 9.81 N for 15 s (Model MVK-E, Akashi Corp., Tokyo).
RESULTS AND DISCUSSION
Properties of FAp powder
Since the sinterability of FAp may be affected by the properties of the starting powder, the crystalline phases, specific surface area, and particle morphologies were first investigated.
The crystalline phase in the powder examined using XRD was FAp. The particle-size distribution of the FAp powder has been shown in Fig. 1 , together with a typical SEM micrograph. It was noted from SEM observation that the particle shape was plate-like. The particle sizes were distributed over the range of 0.2 to 5 µm; the mean particle size was estimated to be 0.92 µm. On the other hand, the specific surface area of the FAp powder was 14.2 m 2 ·g -1 ; the primary particle size calculated on the basis of specific surface area and powder density was found to be 0.13 µm. This difference in particle size may be explained by assuming that the plate-like particles contain small pores.
Fabrication of dense FAp compact with submicrometer-sized grains through pressureless and pulse-current pressure firing
Prior to checking the densification of pressurelessly-fired FAp compacts, the thermal expansion-shrinkage behavior of a FAp compact was examined using TMA. The results have been presented in Fig. 2 , together with the shrinkage rate and a SEM micrograph of the FAp compact fired at 900°C. Shrinkage of the FAp compact started at approximately 900°C and increased with temperature. On the other hand, the shrinkage rate increased with temperature and showed a maximum at approximately 1200°C. After reaching its maximum value at 1200°C, the shrinkage rate was reduced upon further heating.
The above results suggest that the optimum firing temperature for the fabrication of dense FAp ceramic material with submicrometer-sized grains should exist in the range of 1000 to 1200°C. In order to further estimate the sinterability of FAp powder, we investigated the effect of firing temperature on the relative density and grain size of FAp compact with the results being shown in Fig. 3 . The relative density of FAp compact increased with temperature up to 1150°C and then remained constant upon further heating. The relative density of the FAp compact fired at 1200°C for 10 h attained 92.6%. On the other hand, the grain size of FAp compact increased with increasing firing temperature and attained 1.8 µm at the firing temperature of 1200°C. SEM micrograph of the FAp compact pressurelessly-fired at 1200ºC for 10 h indicated the presence of closely-packed grains with sizes of 1 to 5 µm.
The above results highlight the difficulty of fabricating high-density FAp ceramic material with submicrometer-sized grains using pressureless firing. On the other hand, pulse-current pressure firing enables the fast firing of powder compact at relatively low temperature, due to Joule heating generated through a high-pulsed electric current. The most important characteristics of pulse-current pressure firing may be that the powder is heated by pulse-current discharge between particles. As a result, uniform firing of the compact can be achieved from both inside and outside. The fabrication of dense FAp ceramic material with submicrometer grains may, therefore, be possible using this firing technique. Changes in displacement, i.e., a measure of the degree of sintering during pulse-current pressure firing of a FAp compact, have been presented in Fig.  4 . The displacement of the FAp compact initiated at a temperature above 800°C and increased with increasing temperature up to 1000°C. Regardless of any further increase in temperature up to 1100°C, however, no further displacement was observed.
On the basis of this information, the authors examined the fabrication conditions of high-density FAp compact with submicrometer-sized grains by pulse-current pressure firing at a temperature between 900 and 1100°C with the results being shown in Fig.  5 . The relative density of FAp compact fired at 900°C for 10 min was 81.9% and this increased to 98.8% with increasing temperature up to 1100°C. The grain size also increased with temperature but still appeared to be submicrometer-sized (0.79 µm) at a temperature of 1100°C.
The above results indicate that a high-density FAp compact could be fabricated by pulse-current pressure firing at 1100°C for 10 min. Following this, crystalline phases of this pulse-current pressure fired compact were checked with the results being shown in Fig. 6 , together with those of a pressurelessly-fired compact. Note that the crystalline phases were examined after the pulverization of the compact. The crystalline phase detected from these compacts was only FAp 13) . The X-ray intensity of FAp in the case of the pulse-current pressure fired compact was lower when compared to the case of the pressurelessly-fired compact. This phenomenon may be attributed to the smaller grain size of the pulse-current pressure fired FAp compact (=0.79 µm), compared to that of the pressurelessly-fired FAp compact (=1.8 µm).
Following this, the effect of pulse-current pressure firing on the relative density and grain size of FAp compact was examined. Relative densities of the FAp compacts fabricated by pressureless firing and pulse-current pressure firing have been plotted against the grain sizes with results being shown in Fig. 7 . In both cases of pressureless firing and pulse current pressure firing, the grain size linearly increased with increasing relative density of FAp compact; the slope of the straight lines increased significantly at approximately 90% for pressureless firing and approximately 96% for pulse-current pressure firing. The grain size exceeded 1 µm when the relative density of the pressurelessly fired FAp compact increased to 90%. On the other hand, the grain size did not exceed 1 µm when the relative density of the pulse-current pressure fired FAp compact approached full density. The restricted grain growth of the FAp compacts may be explained due to the fast firing, which results from Joule heating generated by the high-pulsed electric current. The relationship between porosity and grain size may be expressed as follows 12) :
(1) where G is the grain size, P is the porosity, n and K are constant. The porosities of pressurelessly fired and pulse-current pressure fired FAp compacts were logarithmically plotted against the grain sizes with the results being shown in Fig. 8 . A linear relationship was found in both cases. The slopes of the straight lines for the pressurelessly-fired and pulse-current pressure fired FAp compacts were 0.643 and 0.439, respectively.
The relationship between grain size and porosity for the pressurelessly-fired and pulse-current pressure fired FAp compacts could be expressed as GP 0.643 = 10 1.74 and GP 0.439 = 10 -0.351 , respectively. The slope and intercept of the straight line in the case of the pulse-current pressure fired FAp compacts are clearly lo wer than that in the case of pressurelessly-fired FAp compacts. Since the high-pulsed electric current makes both fast firing and pressurization possible, the densification of FAp compact may occur with the restricted grain growth. Fig. 7 Relationship between relative densities and grain sizes for (a) pressurelessly-fired and (b) pulse-current pressure fired FAp compacts. Note that the pressureless firing was carried out at each temperature for 10 h in air, whereas the pulse current pressure firing of FAp compacts was conducted at each temperature for 10 min (pressure: 50 MPa) in argon atmosphere. Note that the pressureless firing was carried out at each temperature for 10 h in air, whereas the pulse-current pressure firing of FAp compacts was conducted at each temperature for 10 min (pressure: 50 MPa) in argon atmosphere. Tensile strain of FAp specimen at high temperature Since the high-density FAp ceramic material with submicrometer-sized grains could be fabricated by pulse-current pressure firing, the tensile strain of FAp specimen was examined in this section. Firstly, the effect of tensile test temperature of FAp specimen was examined in order to make clear the relationship between firing temperature and tensile test (1100°C).
Results have been shown in Fig. 9 , together with a typical SEM micrograph illustrating the fractured surface of a tensile-strained specimen. Note that the test temperature was fixed to be 1100°C. The overall trend revealed that the true stress of the FAp specimen increased to a maximum value with increasing strain; this was followed by catastrophic fracture. The maximum tensile strain of the FAp specimen at the test temperature of 1050°C was 35.0%, whereas that at 1100°C was 70.6%. The SEM micrograph of the tensile-strained FAp specimen showed that the grains with sizes of 1 to 2 µm were closely packed, and that creep cavities were present on the grain boundaries.
The above results indicate that a maximum tensile strain could be achieved when the FAp specimen had been fabricated by pulse-current pressure firing at 1100°C for 10 min. Since the relative density and grain size of this FAp specimen were 98.9% and 0.79 µm, respectively (see Fig. 5 ), the small grain size is thought to promote grain-boundary sliding, thereby resulting in the noted tensile strain. When the FAp specimen is deformed at the test temperature of 1100°C, grain coarsening occurs but the mean size only increases to 0.97 µm. This fact demonstrates that the grain-boundary sliding and grain switching may effectively occur in preference to diffusion through the grain boundaries. Moreover, the number of cavities seems to be small, contrary to what have been anticipated before the test. Therefore, higher tensile strain may be expected when the defect density is kept as low as possible, as the catastrophic failure may be initiated at the cavities on and near the specimen surface.
The cavity densities before and after tensile testing of the FAp specimens were evaluated by measuring the Vickers hardness. The mean Vickers harness values before and after the tensile test of the FAp specimens pulse-current pressure fired at 1100°C for 10 min were 4.68 and 4.87 GPa, respectively. The relatively small difference in Vickers hardness between the FAp specimens before and after the tensile test may reflect the small number of cavities present.
Crystalline phases following the deformation of the specimen pulse-current pressure fired at 1100°C for 10 min were checked using SRD. SRD results for the FAp specimens before and after the tensile test have been presented in Fig. 10 specimens showed only the presence of FAp 13) . The most intense (300) reflection, instead of the (211) reflection or the most intense reflection in the JCPDS card, was noted in the SRD patterns. The most intense (300) reflection, instead of (211) reflection, suggests the existence of preferred orientation in these FAp specimens. Such preferred orientation may be checked using the relative intensities of FAp reflections before and after the pulverization of tensile-tested specimens. Typical SRD pattern after the pulverization of tensile-tested specimen has been presented in Fig. 11 . SRD pattern showed only the presence of FAp and agreed with the pattern listed in JCPDS card 13) , due to the reduced intensity of (300) reflection and enhanced intensity of (211) reflection.
The relative intensities for (211)/(300) of FAp specimens before and after the tensile test were 1.69 and 1.75, respectively. This fact indicates that no marked preferred orientation may occur during the tensile test.
CONCLUSIONS
The fabrication conditions of high-density FAp ceramic material with submicrometer-sized grains were examined either by a pressureless-firing or by pulse-current pressure firing. The results obtained are summarized as follows: 1) FAp compacts were pressurelessly fired at a temperature between 1000 and 1200ºC for 10 h. The relative density and grain size of the FAp compact were 92.6% and 1.8 µm, respectively, when the temperature increased to 1200°C. 2) FAp compact was pulse-current pressure fired at a temperature between 900 and 1100ºC for 10 min under the pressure of 50 MPa. The relative density and grain size of the FAp compact increased to 98.8% and 0.79 µm, respectively, when the temperature was 1100°C. The relationship between grain size (G) and porosity (P) of the sintered FAp compact was expressed as: GP 0.643 = 10 1.74 for pressureless firing and GP 0.439 = 10 -0.351 for pulse-current pressure firing.
3) The tensile strain of the FAp specimen pulse-current pressure fired at 1100ºC for 10 min achieved 70.6% for a test temperature of 1100°C and a strain rate of 1.48 × 10 -4 s -1 . Fig. 11 SRD pattern after the pulverization of FAp specimen tensile-tested at 1100ºC under the strain rate of 1.48 10 -4 s -1 . Note that the original specimen was fabricated by pulse-current pressure firing at 1100ºC for 10 min (pressure: 50 MPa) in argon atmosphere.
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